Background {#sec1-1744806918778491}
==========

Neuropathic pain induced by peripheral nerve injury, manifested as allodynia, hyperalgesia, and spontaneous pain, reduces patient's life quality and working ability seriously. At present, drugs for treating the disease are less effective and have various side effects (see literature^[@bibr1-1744806918778491],[@bibr2-1744806918778491]^ for reviews).

Compelling evidence shows that the increased excitability of dorsal root ganglion (DRG) neurons, manifested as spontaneous activity,^[@bibr3-1744806918778491]^ the decreased threshold, and the increased firing rate of action potentials,^[@bibr4-1744806918778491][@bibr5-1744806918778491][@bibr6-1744806918778491]--[@bibr7-1744806918778491]^ plays an important role in the development of neuropathic pain. The hyperexcitability of DRG neurons is caused by altered expression, trafficking, and functioning of many ion channels, including voltage-gated calcium channels,^[@bibr8-1744806918778491]^ hyperpolarization-activated cyclic nucleotide-gated ion channels,^[@bibr9-1744806918778491]^ and voltage-gated sodium (Nav) channels (see literature^[@bibr10-1744806918778491]^ for a review).

The Nav channels, which are critical for producing and propagating action potentials, are classified into nine subtypes (Nav1.1--1.9). Among them, upregulation of tetrodotoxin-sensitive (TTX-S) Nav1.3,^[@bibr11-1744806918778491]^ Nav1.7,^[@bibr12-1744806918778491]^ or tetrodotoxin-resistant (TTX-R) Nav1.8^[@bibr13-1744806918778491]^ is proved important for the expression of neuropathic pain. Gain of function of Nav1.7 and Nav1.8 is critical for neuropathic pain in human.^[@bibr14-1744806918778491]^ Therefore, the channel subtypes are promising targets for treatment of neuropathic pain.

Bulleyaconitine A (BLA), a diterpenoid alkaloid extracted from Aconitum bulleyanum plants, has been used for treatment of chronic pain in human patients in China since 1985. Clinical data have shown that oral administration of BLA effectively relieves arthralgia and neck shoulder lumbocrural pain with minor side effect.^[@bibr15-1744806918778491],[@bibr16-1744806918778491]^ BLA has a powerful analgesic effect in naive rodents.^[@bibr17-1744806918778491],[@bibr18-1744806918778491]^ Oral administration of BLA alleviates neuropathic pain and long-term potentiation at C-fiber synapses in spinal dorsal horn induced by paclitaxel in rats.^[@bibr19-1744806918778491]^ Recently, we show that BLA preferably blocks TTX-S sodium channels in DRG neurons in L5 spinal nerve ligation rats.^[@bibr20-1744806918778491]^ Previous works show that BLA at 10 μM use-dependently block Nav1.3, Nav1.7, and Nav1.8 in GH~3~ and human embryonic kidney (HEK) 293t cell lines.^[@bibr21-1744806918778491],[@bibr22-1744806918778491]^ Nevertheless, the data cannot explain the analgesic effect of oral administration of BLA, as recent studies on rats show that mean peak serum concentration (*C*~max~) of BLA is only 17.8 nM following oral BLA^[@bibr23-1744806918778491]^ at 0.4 mg/kg that is effective for inhibition of neuropathic pain.^[@bibr19-1744806918778491]^ Recently, we show that BLA preferably inhibits the TTX-S sodium channels over TTX-R ones in lumbar 5 spinal nerve ligation model of neuropathic pain.^[@bibr20-1744806918778491]^ In the present work, we address this issue in spared nerve injury (SNI) rats, and the effects of BLA on Nav1.3, Nav1.7, and Nav1.8 were investigated in HEK 293 and ND7/23 cell lines.

Materials and methods {#sec2-1744806918778491}
=====================

Subjects {#sec3-1744806918778491}
--------

Male Sprague-Dawley rats (80--200 g) were housed in separate cages at a temperature-controlled (24  ±  1°C) and humidity-controlled (50--60%) room with a 12:12-h light--dark cycle. They had access to food and water ad libitum. All animal experimental procedures were approved by the Animal Care and Use Committee of Sun Yat-Sen University and were carried out in accordance with the guideline of the National Institutes of Health on the animal care and the ethical guidelines for investigation of experimental pain in conscious animal.^[@bibr24-1744806918778491]^

Surgical procedures and administration of drug {#sec4-1744806918778491}
----------------------------------------------

SNI was performed following the procedures described by Decosterd and Woolf.^[@bibr25-1744806918778491]^ Briefly, an incision through skin on the lateral surface of the thigh was made under anesthesia with 10% chloral hydrate (0.4 g/kg, i.p.), and the left sciatic nerve and its three terminal branches were exposed. The common peroneal and the tibial nerves were tightly ligated with a 6-0 silk and transected distal to the ligation, removing a 3 to 5 mm nerve portion. The sural nerve was remained intact, and any contact or stretch to this nerve is carefully avoided. Special care was paid to prevent infection and to minimize the influence of inflammation. The chronic indwelling peri-DRG catheter system was modified according to previous study.^[@bibr26-1744806918778491]^ The catheters were constructed from sterile gelfoam aseptically cut into 20-mm (*L*) × 7-mm (*W*) ×  6-mm (*H*) strips. One end was bisected (3.5 mm *W*) to a depth of 1 cm to allow a 5-cm sterile polyethylene (PE-10) tube to be sutured inside. The assembly was implanted around the L4-6 DRGs. Vehicle or BLA at different concentrations (0.1, 1.0, and 10 nM in 15 μl volume) were injected slowly (2 min) through the PE-10 tube.^[@bibr27-1744806918778491]^

DRG neurons preparation {#sec5-1744806918778491}
-----------------------

DRG neurons were dissociated seven days after sham or SNI surgery using enzyme digestion as previously described with slight modifications.^[@bibr28-1744806918778491]^ In brief, L4-6 DRGs from ipsilateral or contralateral side of SNI operation were freed from their connective tissue sheaths and cut into pieces with a pair of sclerotic scissors in Dulbecco modified Eagle medium/F12 medium (GIBCO, United States) under low temperature (in a mixture of ice and water). After enzymatic and mechanical dissociation, DRG neurons were plated on glass coverslips coated with Poly-L-Lysine (Sigma, United States) in a humidified atmosphere (5% CO~2~, 37°C) and used for electrophysiological recordings investigation approximately 4 h after plating.

Cultures of HEK 293 cells stably expressing Nav1.3 and Nav1.7 {#sec6-1744806918778491}
-------------------------------------------------------------

HEK 293 cells stably expressing human homolog of human Nav1.3 (SCN3A, NM_006922.3) and human Nav1.7 (SCN9A, NM_002977.3) were maintained under standard cell culture condition (5% CO~2~; 37°C) in Dulbecco modified Eagle medium (Invitrogen, Carlsbad, CA) and F-12 medium (Invitrogen) mixture at 1:1 supplemented with 10% fetal bovine serum (HyClone, Logan, UT) under selection of antibiotic G418 (Genecitin; Invitrogen) with a concentration of 500 μg/ml. Cells were passaged every three days with 0.25% Trypsin-EDTA (Invitrogen). Cells used for electrophysiology were seeded on a glass coverslip.^[@bibr29-1744806918778491]^

Transient transfection of ND7/23 cell with Nav1.8 {#sec7-1744806918778491}
-------------------------------------------------

Human Nav1.8-cDNA was subcloned into the mammalian expression vector pCMV-Script (Stratagene, La Jolla, CA), and the sequence of the entire Nav1.8 channel protein (NCBI nucleotide access number U53833) was verified by dideoxynucleotide sequencing. The ND7/23 neuroblastoma fusion cell line was purchased from Sigma (Sigma-Aldrich, St. Louis, MO) and cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen) at 37°C under 5% CO~2~. Cells were grown on 12-mm glass coverslips and transiently transfected with hNav1.8-pCMV-Script (1--3 μg) and the pEGFP-N1 (Clontech, Mountain View, CA) reporter plasmid (0.5--1 μg) using Lipofectamine LTX (Invitrogen). Patch clamp study was performed at 48 to72 h after transfection, cells with green fluorescent were selected under fluorescence microscopy.

Whole cell patch clamp recordings {#sec8-1744806918778491}
---------------------------------

Whole-cell patch clamp recordings were performed using an EPC-10 amplifier and the PULSE program (HEKA Electronics, Lambrecht, Germany) as previously described.^[@bibr5-1744806918778491]^ Currents were recorded with glass pipettes (1--3 MΩ resistance) fabricated from borosilicate glass capillaries using a Sutter P-97 puller (Sutter Instruments, Novato, CA). Membrane currents were filtered at 10 kHz and sampled at 50 kHz. Voltage errors were minimized by using 80% to 90% series resistance compensation. TTX-S and TTX-R Na^+^ currents were recorded in large (\>30 μm in diameter) and small (\<20 μm) DRG neurons, respectively. The effects of BLA on action potentials were tested in small and medium DRG neurons (20--35 μm in diameter). The neurons with leak current \>500 pA or series resistance \>10 M Ohm were discarded. For current clamp experiments on DRG neurons, the bath solution contained (in mM): 140 NaCl, 5 KCl, 2 CaCl~2~, 2 MgCl~2~,10 D-glucose,10 HEPES, pH adjusted to 7.4 with NaOH. The pipette solution contained (in mM): 30 KCl, 100 K-aspartate, 5 MgCl~2~, 2 Mg-ATP, 0.1 Na~2~GTP, 40 HEPES, pH adjusted to 7.2 with KOH. For voltage clamp experiments on DRG neurons, the extracellular solution contained (in mM): 30 NaCl, 20 TEA-Cl, 90 choline-Cl, 3 KCl, 1 CaCl~2~, 1 MgCl~2~, 10 HEPES, 10 glucose, and 0.1 CdCl~2~ (adjusted to pH 7.3 with Tris base). The pipette solution contained (in mM): 135 CsF, 10 NaCl, 10 HEPES, 5 EGTA, and 2 Na~2~ATP (adjusted to pH 7.2 with CsOH). Experiments on HEK 293 cells and ND7/23 cells were performed with an external solution containing (in mM): 140 NaCl, 4 KCl, 1 MgCl~2~, 2 CaCl~2~, 5 D-Glucose monohydrate, 10 HEPES, (adjusted to pH 7.4 with NaOH) and a pipette solution containing (in mM): 145 CsCl, 0.1 CaCl~2~, 2 MgCl~2~, 10 NaCl, 0.5 Na~2~GTP, 2 MgATP, 1.1 EGTA, 10 HEPES (adjusted to pH 7.2 with CsOH). For recording Nav1.8 in ND7/23 cells, 300 nM TTX was included to block the TTX-S Na^+^ currents. The osmolality of all solutions was adjusted to 310 mOsm.

Pulse protocols and current measures {#sec9-1744806918778491}
------------------------------------

The action potentials of DRG neurons were recorded in current clamp mode. Action potentials were elicited by a series of depolarizing currents from 0 to 700 pA (150 ms) in 50 pA step increments. To test the effects of BLA on firing rates, the mean number of action potentials elicited by a depolarizing current (1 s duration) at double-strength of rheobase (2× rheobase) were measured before and 15 min after BLA (5 nM) application ([Figure 2](#fig2-1744806918778491){ref-type="fig"}). The Na^+^ current evoked from a holing potential of −80 mV to the test pulses ranging from −90 mV to +30 mV ([Figure 3(a)](#fig3-1744806918778491){ref-type="fig"} and (b)). After established the whole cell recording, membrane potential was hold at −90 mV, then Na^+^ current was elicited at −10 mV depolarization potential from HEK 293 and ND7/23 cells ([Figure 4](#fig4-1744806918778491){ref-type="fig"}). To study the effect of BLA on resting Nav channels, the Na^+^ currents were recorded every 5 min after BLA application. The inactivated state of Nav channels was achieved by using a 1 s prepulse to 0 mV to inactivate the Na^+^ currents followed by a 10 ms (60 ms for Na~v~1.8) to −90 mV and a subsequent test impulse to −10 mV for 50 ms. An interpulse interval of 10 s allows recovery from inactivation ([Figure 6](#fig6-1744806918778491){ref-type="fig"}). Nav1.8 currents in DRG neurons were elicited with a 500 ms step to −50 mV to inactivate the Nav1.9 current followed by a test pulses in the presence of 300 nM TTX in the bath solution ([Figure 7](#fig7-1744806918778491){ref-type="fig"}). To test the use-dependent blockage of BLA on Nav channels, holding potential was −80 mV to the test pulse of −10 mV at different frequencies (1, 3, and 10 Hz). The amplitude of currents evoked by the *n*th impulse was normalized to the current evoked by the first impulse ([Figure 8](#fig8-1744806918778491){ref-type="fig"}). The voltage dependence of Nav channels activation was evoked from a holding potential of −90 mV and then depolarized from −120 mV to +100 mV at 5-mV steps. Steady-state inactivation was recorded by a depolarized pulse from −120 mV to +40 mV with 5 mV increments, followed immediately by a test pulse to 0 mV. Time constants for recovery from inactivation of Nav channels were measured with a double-pulse protocol. A first pulse (P1) for 250 ms to −10 mV caused inactivation, and Na^+^ current evoked by the test pulse (P2) to −10 mV after variable intervals was compared with *I*~Na,P1~ of the same episode.

To obtain IC~50~ values, the fractional blocks obtained at different drug concentrations were fitted with the Hill equation: *E* = *E*~max~/\[1 + (IC~50~/*C*)^b^\], where *E* is the inhibition of currents in percentage at concentration *C*, *E*~max~ is the maximum inhibition, IC~50~ is the concentration for 50% inhibition of maximum effect, and *b* is the Hill coefficient. The activation or inactivation conductance variables of *I*~Na~ were determined with normalized currents. Current activation and inactivation were fitted by the Boltzmann distribution: *y* = 1/{1+exp \[(*V*~m~ − *V*~0.5~)/*S*\], where *V*~m~ is the membrane potential, *V*~0.5~ is the activation or inactivation voltage mid-point, and *S* is the slope factor. The relation of 1/τ~block~ against the concentration is described by the linear function: 1/τ~block~= *k* \[*D*\] + *l*, where 1/τ~block~ is the time constant of development of block, and *k* and *l* are the apparent rate constants for association and dissociation of the drug.

Chemicals {#sec10-1744806918778491}
---------

BLA powder (Yunnan Haopy, China) were dissolved as a stock solution of 0.5 mM or 10 mM in sterilizing double-distilled water and diluted with extracellular solution or sterile saline solution to different working concentrations. BLA solution was adjusted to pH 7.35 to 7.40. Tetrodotoxin was purchased from YUANYE (Shanghai, China) and was dissolved in acetic acid aqueous solution as a stock of 1 mM, diluted to a working concentration of 300 nM for recordings on TTX-R Na^+^ current or Nav1.8 current. A-803467 (Alomone Labs) was dissolved as a stock of 10 mM in DMSO and diluted to 1 μM with extracellular solution.

Statistical analysis {#sec11-1744806918778491}
--------------------

All data were expressed as mean ± *SD*. Mathematical curve fitting and statistical analyses were performed using Prism 5 (GraphPad Software Inc., San Diego, CA) and SPSS 13.0 (SPSS, Chicago, IL). For patch clamp analysis, one-way and two-way analysis of variance (ANOVA) followed by Tukey post hoc test for multiple groups and paired Student *t* test was used for comparison between two groups. Behavioral data were analyzed by two-way ANOVA with repeated measures followed by Tukey post hoc test for all groups and between groups and one-way ANOVA followed by Tukey post hoc test for different groups on the same time point were carried out. The criterion for statistical significance was considered at *p* \< 0.05.

Results {#sec12-1744806918778491}
=======

BLA inhibits hyperexcitability of DRG neurons induced by SNI {#sec13-1744806918778491}
------------------------------------------------------------

"Our recent work shows that BLA preferably blocks Nav channels in DRG neurons of neuropathic rats over sham rats and that local application of BLA (1 or 10 nM) onto DRG ipsilateral to surgery inhibits neuropathic pain induced by L5-SNL.^[@bibr20-1744806918778491]^ To investigate whether BLA may also preferably affect the excitability of DRG neurons in SNI rats, we tested the effects of BLA at 5 nM in DRG neurons from SNI sham rats, in which paw withdrawal thresholds and paw withdrawal latencies decreased significantly. Action potentials in 48 DRG neurons with diameters ranging from 20 to 35 μm (27.4 ± 2.9 μm) were recorded in this work, as C-fibers and Aδ-fibers that conduct pain signals are axons of small and medium DRG neurons. To determine the thresholds of action potentials, a series of depolarizing currents from 0 to 700 pA (150 ms) in 50 pA step increments was delivered under current clamp mode, and a minimal current that evoked an action potential was defined as threshold (rheobase) ([Figure 1(A)](#fig1-1744806918778491){ref-type="fig"}). We found that the threshold was significantly lower in SNI rats compared to sham rats (312.5 ± 20.6 pA vs. 470.0 ± 30.8 pA, [Figure 1(A)](#fig1-1744806918778491){ref-type="fig"} and (C, a)). Fifteen minutes after perfusion of BLA at 5 nM, the thresholds of action potentials in SNI rats increased significantly (433.3 ± 20.1 pA), while in sham rats the thresholds did not change (488.9 ± 40.2 pA, [Figure 1(A)](#fig1-1744806918778491){ref-type="fig"} and [1](#fig1-1744806918778491){ref-type="fig"}(C, a)). BLA enhanced the half-widths of action potentials ([Figure 1(C, b](#fig1-1744806918778491){ref-type="fig"})) but reduced the peak amplitude ([Figure 1(C, c](#fig1-1744806918778491){ref-type="fig"})) and overshoot ([Figure 1(C, d](#fig1-1744806918778491){ref-type="fig"})) in both sham and SNI groups. BLA reduced the rise time of action potentials in SNI group but not in sham group ([Figure 1(C, e](#fig1-1744806918778491){ref-type="fig"})) and did not affect input resistance in both groups ([Figure 1(C, f](#fig1-1744806918778491){ref-type="fig"})). To test the effects of BLA on firing rates of DRG neurons, the number of action potentials elicited by a depolarizing current (1s duration) at double-strength of rheobase (2× rheobase) were measured before and 15 min after BLA (5 nM) application. As shown in [Figure 1(B)](#fig1-1744806918778491){ref-type="fig"}and (D), the number of action potentials elicited by the same stimulus was significantly larger in SNI group than that in sham group. BLA reduced the number of action potentials in DRG neurons of SNI rats significantly (from 11.9 ± 1.1 to 3.5 ± 0.5) but not in sham rats (from 5.2 ± 0.9 to 3.6 ± 0.6). The inhibitory effect of BLA on the excitability of DRG neurons may contribute to its relief of neuropathic pain.Figure 1.BLA reduces the excitability of DRG neurons from SNI rats. (A) The representative traces show the thresholds of action potentials evoked by current injections to DRG neurons from sham rats and SNI rats before and 15 min after application of BLA at 5 nM. (B) The typical traces show the action potentials elicited by 2×rheobase for 1 s in DRG neurons of sham rats and SNI rats before and after BLA. (C) The summary data show that the statistic comparison of the threshold of action potentials, half-width, the peak amplitude, the overshoot, the rise time, and the input resistance before and after BLA (*n*=12 in each group). (D) The summary data show that the statistic comparison of the numbers of action potentials in sham and SNI rats with or without BLA (*n*=12 in each group).\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 compared to vehicle. \#*p* \< 0.05, \#\#*p* \< 0.01, \#\#\#*p* \< 0.001 compared to sham rats. BLA: Bulleyaconitine A; SNI: spared nerve injury."

The effects of BLA on Nav channels in DRG neurons {#sec14-1744806918778491}
-------------------------------------------------

As Nav channels are critical for generation of action potentials, we next tested the effects of BLA on TTX-S and TTX-R Na^+^ currents in DRG neurons from ipsilateral or contralateral side of SNI injury. As previous works show that small-diameter DRG neurons (\<25 μm) express both TTX-S and TTX-R channels, while large DRG neurons predominately express TTX-S channels,^[@bibr30-1744806918778491]^ we recorded TTX-S and TTX-R Na^+^ currents in the large-diameter neurons (\>30 μm) and small-diameter neurons (\<20 μm), respectively. To isolated TTX-S Na^+^ currents, recordings were performed in the presence of 1 μM A-803467 that blocks TTX-R Nav channels.^[@bibr31-1744806918778491],[@bibr32-1744806918778491]^ The TTX-S Na^+^ current were initially recognized by their relatively faster activation and inactivation. The identification was confirmed by adding 300 nM TTX at the end of the recordings. Only the current recordings that can be reduced ≥90% with 300 nM TTX were used for further analysis ([Figure 2(a)](#fig2-1744806918778491){ref-type="fig"} and (b)). To record TTX-R Na^+^ currents, the small-diameter neurons (\<20 μm) were selected, and TTX (300 nM) was included to the bath solution.^[@bibr33-1744806918778491]^ In DRG neurons from ipsilateral side of injury, IC~50~ for resting TTX-S Nav channels was 25 times lower than that for TTX-R Nav channels (3.8 ± 0.4 nM vs. 94.6 ± 11.5 nM, [Figure 2(c)](#fig2-1744806918778491){ref-type="fig"}). IC~50~ for inactivated TTX-S and TTX-R Na^+^ currents was only 0.5 ± 0.1 nM and 8.0 ± 1.0 nM, respectively ([Figure 2(e)](#fig2-1744806918778491){ref-type="fig"}), which were at least eight times lower than those for resting channels. In DRG neurons from contralateral side of injury, IC~50~ values for resting TTX-S and TTX-R Na^+^ currents were 64.6 ± 7.2 nM and 2.0 ± 0.3 μM, respectively ([Figure 2(d)](#fig2-1744806918778491){ref-type="fig"}), which are at least 17 times higher than those from ipsilateral side. And the IC~50~ values for inactivated TTX-S (6.8 ± 0.9 nM) and TTX-R (77.3 ± 10.5 nM) Na^+^ currents were also much higher than those in neurons from ipsilateral side of injury ([Figure 2(f)](#fig2-1744806918778491){ref-type="fig"}). The data indicate that BLA preferably block inactivated channels over resting channels, was more potent for blocking TTX-S Nav channels than TTX-R ones.

![The differential effects of BLA on TTX-S and TTX-R Nav channels in DRG neurons from ipsilateral and contralateral side of SNI injury. (a) Representative traces show TTX-R Na+ currents recorded in the presence of 300 nM TTX with or without 10 nM BLA. (b) TTX-S currents were recorded in the presence of 1 μM A-803467, 1 μM A-803467, and 1 nM BLA or 300 nM TTX. (c) IC50 values of BLA on resting TTX-S (*n* = 8 in each data point) and TTX-R (*n* = 7 at each data point) Nav channels in DRG neurons from ipsilateral side of injury. (d) IC50 values of BLA on resting TTX-S (*n* = 6 at each data point) and TTX-R (*n* = 8 at each data point) Nav channels in DRG neurons from contralateral side of injury. (e) IC50 values of BLA on inactivated TTX-S and TTX-R Nav channels in DRG neurons from ipsilateral side of injury (*n* = 7 at each data point). (f) IC50 values of BLA on inactivated TTX-S and TTX-R Nav channels in DRG neurons from contralateral side of injury (*n* = 8 each data point).BLA: Bulleyaconitine A; TTX-R: tetrodotoxin-resistant; TTX-S: tetrodotoxin-sensitive.](10.1177_1744806918778491-fig2){#fig2-1744806918778491}

BLA blocks resting and inactivated Nav1.3, Nav1.7, and Nav1.8 subtypes expressed in cell lines with different potencies {#sec15-1744806918778491}
-----------------------------------------------------------------------------------------------------------------------

Compelling evidence has demonstrated that TTX-S Nav1.3, Nav1.7, and TTX-R Nav1.8 are critically involved in neuropathic pain.^[@bibr34-1744806918778491][@bibr35-1744806918778491]--[@bibr36-1744806918778491]^ It has been reported that BLA at a higher concentration (10 μM) does not affect resting and inactivated Nav1.3, Nav1.7, and Nav1.8 in cell lines, when measured 5 min after external application.^[@bibr21-1744806918778491],[@bibr22-1744806918778491]^ In line with the finding, we found that BLA blocked resting Nav1.3, Nav1.7, and Nav1.8 currents 15 min but not 5 min after application ([Figure 3(a)](#fig3-1744806918778491){ref-type="fig"}, bottom panel). While in vehicle-treated cells, little change of Na^+^ currents in all the subtypes within 15 min was observed ([Figure 3(a)](#fig3-1744806918778491){ref-type="fig"}, top panel).

![BLA blocks resting Nav1.3, Nav1.7, and Nav1.8 subtypes with different potency. (a) The current traces were recorded before (control) and 5 min, 15 min after vehicle (top traces), or BLA application at IC50 concentrations (bottom traces). The Na+ currents were elicited by a voltage protocol shown in the inset. (b) IC50 values for Nav1.3, Nav1.7, and Nav1.8 (*n* = 10 cells in each data points). BLA: Bulleyaconitine A.](10.1177_1744806918778491-fig3){#fig3-1744806918778491}

At resting state, IC~50~ for Nav1.3 and Nav1.7 was, respectively, 995.6 ± 139.1 nM and 125.7 ± 18.6 nM, which was much lower than that for Nav1.8 (151.2 ± 15.4 μM) ([Figure 3(b)](#fig3-1744806918778491){ref-type="fig"}). Consistently, the *I* to *V* curves revealed that the peak amplitudes of Na^+^ currents were reduced to ∼ 50% by BLA at the IC~50~ concentrations in each channel subtype ([Figure 4(a)](#fig4-1744806918778491){ref-type="fig"} to (c)). While IC~50~ values for inactivated Nav1.3, Nav1.7, and Nav1.8 were only 20.3 ± 3.4 pM, 132.9 ± 25.5 pM, and 18.0 ± 2.5 μM, respectively ([Figure 5(b)](#fig5-1744806918778491){ref-type="fig"}), which were much lower compared with those at resting states ([Table 1](#table1-1744806918778491){ref-type="table"}). [Figure 5(a)](#fig5-1744806918778491){ref-type="fig"} showed the typical current traces recorded before and after BLA application at indicated concentrations. The data demonstrated that BLA preferably blocked Nav1.3 and Nav1.7 expressed in HEK 293 cell line over Nav1.8 in ND7/23 cell line and is more potent for blocking inactivated Nav channels than resting ones.

![The effects of BLA on current--voltage curves of Nav1.3, Nav1.7, and Nav1.8 currents. (a) to (c) The currents were recorded before (control) and 15 min after BLA applications at corresponding IC50 concentrations of the channel subtypes (*n*=9 cells in each data point).BLA: Bulleyaconitine A.](10.1177_1744806918778491-fig4){#fig4-1744806918778491}

![BLA differentially blocks inactivated Nav1.3, Nav1.7, and Nav1.8. (a) The representative current traces recorded before (control) and 15 min after BLA application at indicated concentrations and the protocol for inactivation of Nav channels. (b) IC50 values of BLA on the channel subtypes are shown (*n* = 8 cells in each data point).BLA: Bulleyaconitine A.](10.1177_1744806918778491-fig5){#fig5-1744806918778491}

###### 

The IC~50~ values in different Nav channel subtypes.

![](10.1177_1744806918778491-table1)

                      Nav1.8            Nav1.7                      Nav1.3
  ------------------- ----------------- --------------------------- -------------------------
  Resting state       151.2 ± 15.4 μM   125.7 ± 18.6 nM (1203)      995.6 ± 139.1 nM (152)
  Inactivated state   18.0 ± 2.5 μM     132.9 ± 25.5 pM (135,440)   20.3 ± 3.4 pM (886,670)
  Times               8                 946                         49,044

Note: The times indicate fold differences in IC~50~ between resting and inactivated states. The digits in round brackets indicate fold differences in IC~50~, compared to Nav1.8.

To determine whether the different effects of BLA may be due to the difference in cell line, we tested the effect of BLA on isolated Nav1.8 currents in DRG neurons and found that IC~50~ for resting and inactivated Nav1.8 was 106.0 ±18.4 μM and 12.3 ± 2.2 μM, respectively ([Figure 6](#fig6-1744806918778491){ref-type="fig"}), which are comparable to those in ND7/23 cells (151.2 ± 15.4 μM and 18.0 ± 2.5 μM; [Figures 3](#fig3-1744806918778491){ref-type="fig"}and 5).

![BLA blocks resting and inactivated Nav1.8 in DRG neurons with different potency. IC50 values for the resting and inactivated Nav1.8 are shown (*n* = 7 neurons in each data point).BLA: Bulleyaconitine A.](10.1177_1744806918778491-fig6){#fig6-1744806918778491}

The use-dependent blockage of BLA is most potent on Nav1.7, less on Nav1.3, and least on Nav1.8 {#sec16-1744806918778491}
-----------------------------------------------------------------------------------------------

Previous studies showed that BLA use-dependently blocked Nav1.3, Nav1.7, and Nav1.8 in cell lines at a higher concentration (10 μM).^[@bibr21-1744806918778491],[@bibr22-1744806918778491]^ In the present work, we investigated whether BLA at IC~50~ concentrations of resting state in each channel subtype has the same effect. To do this, Na^+^ currents elicited by 100 pulses (from −80 mV to −10 mV) with different frequencies were recorded before and 15 min after BLA application. When stimulated with 1 Hz (100 pulses), BLA significantly reduced the currents of Nav1.7 and Nav1.8 but not of Nav1.3 ([Figure 7(a)](#fig7-1744806918778491){ref-type="fig"} to (c)). When stimulation frequency increased to 3 or 10 Hz, the Na^+^ currents of Nav1.3 and Nav1.7 reduced further, while Nav1.8 currents did not do so ([Figure 7(d)](#fig7-1744806918778491){ref-type="fig"} to (i)). As shown in [Figure 7(j)](#fig7-1744806918778491){ref-type="fig"}, the net inhibitory rate for Nav1.3 and Nav1.7 but not for Nav1.8 currents enhanced with increasing frequency and was highest for Nav1.7, less for Nav1.3.

![Use-dependent blockage of BLA on Nav1.3, Nav1.7, and Nav1.8 with different potencies. (a) to (i) The normalized amplitudes of Na+ currents evoked by 100 pulses in the absence (control) and presence of BLA at IC50 concentrations. (j) The net inhibitory rates for Nav1.3, Nav1.7, and Nav1.8 currents in different frequencies are shown. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001. ns: not significant (*n* = 9 cells in each test).](10.1177_1744806918778491-fig7){#fig7-1744806918778491}

BLA accelerates the inactivation of Nav1.3, Nav1.7, and Nav1.8 subtypes {#sec17-1744806918778491}
-----------------------------------------------------------------------

The effects of the BLA on the activation, inactivation, and recovery of Nav1.3, Nav1.7, and Nav1.8 at corresponding IC~50~ concentrations were also evaluated. The inactivation curves shifted significantly in the hyperpolarizing direction after BLA application ([Figure 8(d)](#fig8-1744806918778491){ref-type="fig"} to (f) and [Table 2](#table2-1744806918778491){ref-type="table"}), while activation curves ([Figure 8(a)](#fig8-1744806918778491){ref-type="fig"} to (c) and [Table 2](#table2-1744806918778491){ref-type="table"}) and recovery curves ([Figure 8(g)](#fig8-1744806918778491){ref-type="fig"} to (i) and [Table 2](#table2-1744806918778491){ref-type="table"}) did not change in all channel subtypes.

![The effects of BLA on the activation, inactivation, and recovery of Nav1.3, Nav1.7, and Nav1.8 at corresponding IC50 concentrations. (a) to (c) The activation curves show that BLA did not affect activation of Nav1.3, Nav1.7, and Nav1.8 (*p* \> 0.05, *n* = 10 in each group). (d) to (f) The inactivation curves indicated that BLA speeded inactivation of Nav1.3, Nav1.7, and Nav1.8 (*p* \< 0.05 vs. corresponding control, *n* = 11 in each group). (g) to (i) The recovery from inactivation of all channel subtypes was not affected by BLA (*p* \> 0.05, *n* = 8 in each group). The detailed parameter analysis is shown in Table 2.](10.1177_1744806918778491-fig8){#fig8-1744806918778491}

###### 

Parameters for Nav channel subtypes activation, inactivation, and recovery in cell lines.

![](10.1177_1744806918778491-table2)

           Activation      Inactivation    Recovery                                                                                            
  -------- --------------- --------------- --------------------------------------------------------------------- --------------- ------------- -------------
  Nav1.3   Control         −30.01 ± 1.49   2.93 ± 0.37                                                           −55.69 ± 2.08   8.56 ± 0.74   2.93 ± 0.37
  BLA      −30.72 ± 1.36   3.61 ± 0.50     −64.58 ± 1.55\*\*                                                     8.35 ± 0.92     3.07 ± 0.20   
  Nav1.7   Control         −28.19 ± 1.46   4.01 ± 1.01                                                           −71.14 ± 1.24   6.16 ± 0.41   8.94 ± 0.79
  BLA      −28.93 ± 1.49   4.08 ± 0.32     −77.15 ± 1.37[\*](#table-fn3-1744806918778491){ref-type="table-fn"}   6.03 ± 1.49     8.98 ± 0.71   
  Nav1.8   Control         −19.01 ± 1.41   5.43 ± 0.36                                                           −63.68 ± 2.11   7.63 ± 0.49   7.17 ± 0.51
  BLA      −17.47 ± 1.74   6.10 ± 0.69     −69.37 ± 1.42[\*](#table-fn3-1744806918778491){ref-type="table-fn"}   6.23 ± 0.52     7.06 ± 0.54   

Note: Mean values were derived from Boltzmann equation gits of individual data sets as described in the measures.BLA: Bulleyaconitine A.

\*p\< 0.05, \*\*p\< 0.01 versus corresponding control, compared by two-tailed paired Student t test.

Discussion {#sec18-1744806918778491}
==========

In the present work, we showed for the first time that BLA at 5 nM inhibited the hyperexcitability of DRG neurons in SNI rats. BLA preferably blocked TTX-S Nav channels over TTX-R ones and was more potent for blocking inactivated channels than resting channels in DRG neurons of SNI rats. BLA preferably blocked Nav1.3, Nav1.7 over Nav1.8, and the effect was more potent on inactivated than resting Nav channels in cell lines. The use-dependent blockage of BLA on Nav1.7 and Nav1.3 was also stronger than that on Nav1.8 at IC~50~ concentrations. BLA accelerated the inactivation of Nav1.3, Nav1.7, and Nav1.8 subtypes but did not affect their activation and recovery at IC~50~ concentrations. The preferable effects on inactivated TTX-S Nav1.3 and Nav1.7 may explain the clinical finding that oral BLA is effective for treatment of chronic pain.^[@bibr15-1744806918778491],[@bibr16-1744806918778491]^

BLA reduce the hyperexcitability of DRG neurons induced by SNI {#sec19-1744806918778491}
--------------------------------------------------------------

Clinical studies show that oral administration of BLA is effective for relief of arthralgia and neck shoulder lumbocrural pain.^[@bibr15-1744806918778491],[@bibr16-1744806918778491]^ The former belongs to inflammatory pain, while the latter is caused by intervertebral disc degeneration, in which both nociceptive pain and neuropathic pain are involved.^[@bibr37-1744806918778491]^ Recently, we showed that oral administration of BLA attenuates neuropathic pain induced by paclitaxel in rats^[@bibr19-1744806918778491]^ and that local application of BLA (1 and 10 nM) onto L4-6 DRGs ipsilateral to surgery depressed the behavioral signs of neuropathic pain induced by L5 spinal nerve ligation.^[@bibr20-1744806918778491]^ In the present work, we further showed BLA at 5 nM reversed the decreased threshold of action potentials and the increased firing rate of DRG neurons isolated from SNI rats but not from sham rats but did not affect input resistance. BLA preferably blocked TTX-S Nav channels over TTX-R ones and was more potent for blocking inactivated channels than resting channels in DRG neurons of SNI rats. The effects of BLA are similar to those of carvacrol, another natural compound isolated from essential oils of plants, which reduces excitability and blocks Nav channel without affecting input resistance of DRG neurons.^[@bibr38-1744806918778491],[@bibr39-1744806918778491]^

Recently, it was reported that BLA inhibited neuropathic pain by stimulating dynorphin A expression in spinal microglia.^[@bibr40-1744806918778491]^ The result is inconsistent with previous works showing that spinal dynorphin A promotes but not inhibits neuropathic pain.^[@bibr41-1744806918778491][@bibr42-1744806918778491]--[@bibr43-1744806918778491]^

BLA preferably blocks TTX-S Nav1.3, Nav1.7 over TTX-R Nav1.8 and is more potent for blocking inactivated channels {#sec20-1744806918778491}
-----------------------------------------------------------------------------------------------------------------

As mentioned in introduction, TTX-S Nav1.3, Nav1.7, and TTX-R Nav1.8 are critically involved in neuropathic pain. The present work showed that in DRG neurons from ipsilateral side of injury, IC~50~ for resting TTX-S Nav channels was 25 times lower than that for TTX-R Nav channels (3.8 ± 0.4 nM vs. 94.6 ± 11.5 nM). IC~50~ values for inactivated TTX-S and TTX-R Nav channels (0.5 ± 0.1 nM and 8.0 ± 1.0 nM) were at least eight times lower compared to those for resting channels. Although BLA was less effective on Nav channels in DRG neurons from contralateral side of injury, it also preferably blocked TTX-S Nav channels over TTX-R Nav channels and was more potent for inactivated channels. Consistently, in cell lines BLA also more potent for blocking resting and inactivated Nav1.7 and Nav1.3 than Nav1.8. IC~50~ for inactivated Nav1.3, Nav1.7, and Nav1.8 (20.3 ± 3.4 pM, 132.9 ± 25.5 pM, and 18.0 ± 2.5 μM) were much lower than those for resting channels (995.6 ± 139.1 nM, 125.7 ± 18.6 nM, and 151.2 ± 15.4 μM). The preferable effects on TTX-S and inactivated sodium channels are clinical interesting, because previous studies on rats show the peak plasma concentration of BLA is 17.8 nM (11.4 ng/ml) following a single oral administration at 0.36 mg/kg^23^ and that oral BLA at 0.4mg/kg is effective for attenuation of the behavioral signs of neuropathic pain produced by paclitaxel in rats.^[@bibr19-1744806918778491]^ Accordingly, therapeutic dose of oral BLA is only sufficient to block resting and inactivated TTX-S and inactivated TTX-R channels in DRG neurons, and inactivated Nav1.3 and Nav1.7 in cell lines. As both Nav1.3 and Nav1.7 subtypes are important for setting the threshold and the firing rate of action potentials,^[@bibr44-1744806918778491][@bibr45-1744806918778491][@bibr46-1744806918778491]--[@bibr47-1744806918778491]^ it is not surprising to see that BLA diminished the hyperexcitability of DRG neurons in SNI rats at a concentration as low as 5 nM in vitro. The preferable blockage of BLA on inactivated Nav1.3 and Nav1.7 may also explain the BLA-induced enhancement of the half-widths of action potentials, reduction of the peak amplitude and overshoot, acceleration of the rising phase of action potentials. Taken together, oral administration of BLA may inhibit the hyperexcitability of DRG neurons by blocking TTX-S Nav channels, contributing to relief of neuropathic pain.

The important role of use-dependent block for antineuropathic pain {#sec21-1744806918778491}
------------------------------------------------------------------

The use-dependent blockade of Nav channel is clinically important for treatment of arrhythmias and epilepsy because of selective blockage of the channels that opens with high frequency (see literature^[@bibr34-1744806918778491]^ for a review). In the case of neuropathic pain, the spontaneous activity in primary afferents ranges from 0.2 to 50 Hz in L5-SNL rats.^[@bibr48-1744806918778491]^ In the present work, we showed that BLA use-dependently blocked Nav1.3, Nav1.7 but not Nav1.8 at IC~50~ concentrations. The strongest effect was observed on Nav1.7, less on Nav1.3. Apparently, the selective use-dependent blockage of Nav1.3 and Nav1.7 of BLA may contribute to its antineuropathic pain effect.

At present, the mechanisms underlying the use-dependent blockage of BLA on Nav1.3 and Nav1.7 are unclear. Upon activated, Na^+^ channels rapidly switches from the resting state to the open, inactivated state, and eventually back to resting state. Our previous literature^[@bibr20-1744806918778491]^ and present work show that BLA preferably inhibited inactivated sodium channels over resting ones, and this may contribute to the use-dependent effect by reduction of the numbers of resting channels during the repetitive activation. Further studies are needed to clarify the mechanisms underlying the preferable effect of BLA on inactivated Na^+^ channels.

It is well established that a loss of function of Nav1.7 in humans renders people unable to experience pain,^[@bibr49-1744806918778491]^ while gain-of-function missense mutations of the human Nav1.7 causes inherited primary erythermalgia and paroxysmal extreme pain disorder.^[@bibr50-1744806918778491],[@bibr51-1744806918778491]^ The present work revealed that BLA potently blocked resting, inactivated and opening Nav1.7. We, therefore, suggested that the drug may be effective for relief of the severe pain associated with Nav1.7 mutation. This should be tested clinically.

As alteration of other channels in DRG neurons, such as voltage-gated calcium channels and hyperpolarization-activated cyclic nucleotide-gated ion channels are also involved in the neuropathic pain,^[@bibr10-1744806918778491]^ it is possible that BLA may also target channels other than Nav channels. Further studies are needed to test the hypothesis.

In conclusion, BLA preferably blocked TTX-sensitive Nav1.3 and Nav1.7 over TTX-resistant Na1.8 and is more potent for blocking inactivated channels. The use-dependent blockage of BLA was most profound on Nav1.7, less on Nav1.3, and least on Nav1.8 and facilitated the inactivation of Nav1.3, Nav1.7, and Nav1.8. BLA may inhibit neuropathic pain by inhibition of hyperexcitability of DRG neurons via blocking Nav channels.

Declaration of Conflicting Interests {#sec22-1744806918778491}
====================================

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.

Funding {#sec23-1744806918778491}
=======

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of this article: This work was supported by grants from the National Natural Science Foundation of China (U1201223, 31771166).

[^1]: The first two authors contributed equally to this work.
